This paper reports on the procedures of mix design preparation, production, placement, and performance evaluation of the first electrically conductive concrete (ECON) heated-pavement system (HPS) implemented at a U.S. airport. While ECON has drawn considerable attention as a paving material for multi-functional pavements, including HPS, the majority of ECON HPS applications and studies have been limited to laboratory scale or include materials/methods that do not conform to regulations enforced by airfield construction practices. Carbon fiber-reinforced ECON provides a promising prospective for application in airfield pavements. In this study, ECON mixtures were prepared in the laboratory using varying cementitious materials, aggregate systems, water-to-cementitious ratios, carbon fiber dosages, and admixtures. The results of tests on laboratory-prepared mixes were utilized to find the most suitable ECON mix design for application in an HPS test section at the Des Moines International Airport. The properties of the ECON produced at the concrete plant were measured and compared with equivalent laboratory-prepared samples. The final mix design exhibited electrical resistivity of 115 Ω-cm in the laboratory and 992 Ω-cm in the field, while completely meeting strength and workability requirements. Despite the higher ECON resistivity obtained in large-scale production, the fabricated HPS exhibited desirable performance with respect to deicing and antiicing operations. The test section was able to generate a 300-350 W/m2 power density and to effectively melt ice/snow with this level of energy. 
Introduction
Surface conditions of paved areas during harsh winter weather conditions play a crucial role in airport operations. Bad weather conditions are responsible for about 29% of total airplane incidents and accidents, the majority of which occur during take-off and landing [1] . Ice/snow accumulation on paved surfaces of runways, aprons, and taxiways annually causes thousands of flight cancellations or delays [2] . Therefore, airlines and airports incur millions of dollars of expenditure to remove ice and snow from airport pavements. Traditional ice/snow removal methods are using deicing chemicals and mechanical removal that are associated with flight delays, large number of manpower, sophisticated machinery, environmentally harmful chemicals, and damage to pavement [3] [4] [5] [6] [7] [8] . Furthermore, the common deicing methods have not shown effectiveness in extreme weather conditions. The machinery can face operational difficulty in freezing weather conditions. The effective temperature range for most deicing chemicals such as sodium chloride, calcium magnesium acetate, and urea does not fall below −10°C (14°F); only calcium chloride-based deicers −that cause chloride ingress risk for concrete pavements-are effective below −17°C (1.4°F) [9] .
The shortcomings and drawbacks of current ice/snow removal practices have steered researchers toward seeking new methods. Factors such as geographical location, environmental conditions, material availability, and design specifications all influence selection of a deicing method, so no single solution for replacing current methods is available [10] . Many alternative methods have been proposed and tested for this purpose; among them are water-repellent coatings [2, 11, 12] , heated pavements with embedded resistive heating elements [6] , heated hydronic pavement systems [13, 14] , and self-heating electrically conductive concrete (ECON) [9, [15] [16] [17] [18] [19] [20] . Heated-pavement systems (HPS) combine two basic strategies of anti-icing and deicing for controlling snow and ice on pavement surfaces [10] . ECON-based HPS has proven to be an efficient approach in many locations [21] . The general constituents of ECON are cement, aggregates, water, electrically conductive additives (ECAs), and possibly admixtures, however, the primary source of electrical conductivity is the ECA phase that creates a continuous path for electrical conduction [3] .
Carbon fibers can be used as an ECA in minor volume and weight dosages [22] [23] [24] [25] [26] . Previous studies have shown the ability of carbon fiber to render cementitious composites electrically conductive while improving the concrete properties such as freeze-thaw durability, compressive strength, tensile strength, fatigue cracking, shrinkage cracking potential, and expansion cracking susceptibility [3, [27] [28] [29] [30] . While carbon fiber has shown its effectiveness as an ECA in low volume dosages (0.4-1%Vol.), the optimum carbon fiber dosage in an electrically conductive cementitious composite is defined by multiple factors, the most important of which are socalled percolation phenomenon, the concrete workability requirements, and the economic considerations.
Forming a continuous network within the cementitious composite by the ECA materials is referred to as percolation phenomenon and the volume content of ECA enabling the percolation is called the percolation threshold [30] [31] [32] . With respect to percolative behavior, the effective carbon fiber dosage for producing electrically conductive cementitious composites is between 0.5% and 1% (Vol.) [27, 30, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] which depends on the type of composite (paste, mortar, or concrete), fiber aspect ratio, and fiber length [25] . In short carbon fibers (represented by approximately 7-15 μm nominal diameter and 1-10 mm length), increasing fiber length decreases percolation threshold [25] , but increasing the fiber length results in fiber dispersion difficulty [26] , and loss of concrete workability [30] . Excessive carbon fiber content reduces the workability of the mixture and, since carbon fiber is the most expensive component of ECON, is not economically justified. So the carbon fiber dosage should be maintained in the vicinity of percolation threshold, such that sufficient electrical conductivity is achieved with minimum negative effects on workability and cost.
Polyacrylonitrile (PAN)-based carbon fibers [33] with diameters between 7 and 15 μm and nominal lengths of 3-6 mm provided superior effectiveness in improving mechanical properties of concrete and imparting high electrical conductivity to cementitious composites [24, 25] . In this paper, carbon fiber and carbon microfiber are used interchangeably to refer to carbon fibers with μm-scale diameter and mm-scale length. Shown by previous studies [8, 18, 19, 22, 24, 33, 43] , the carbon microfiber is the most effective carbon product for improving electrical conductivity. For example, carbon nano-fibers (CNF) are less effective than carbon microfibers which have length ranges between 3 and 15 mm [25] . Likewise, powder materials such as graphite powder or coke powder exert less effect on electrical resistivity improvement [25] . On the other hand, the most effective carbonaceous fibers for structural enhancement of concrete are carbon microfibers and microfibers work better than macro-and nano-fibers for structural reinforcement [26] . However, the smaller the fiber diameter, the more difficult is its dispersion in a concrete mixture and, given the same fiber material and diameter, shorter fibers are easier to disperse [26] . For volume dosages below 1%, and approximately 7 μm diameter, carbon fibers with aspect ratios of about 860 provided performance superior to either longer or shorter fiber types in improving electrical conductivity of concrete, but high aspect ratio fibers are more difficult to disperse in concrete and adversely affect the workability of the mixture [26] . Shorter length and lower aspect ratio carbon fibers are easier to disperse, and they contribute a smaller effect on workability, so, despite being otherwise inferior to the 860-aspect ratio-fibers, carbon fibers with an aspect ratio of about 430 have been found to exhibit good performance in improving electrical conductivity of ECON [41] .
Wen and Chung [36, 38] reported electrical resistivity values between 1.50 × 10 4 Ω-cm and 1.92 × 10 4 Ω-cm in cement pastes doped with carbon microfibers in dosages of 0.4-0.5% Vol.; they reached electrical resistivity as low as 8.30 × 10 2 Ω-cm in cement pastes when the carbon fiber dosage in cement paste was increased to 0.95% Vol. of the mixture [37] . Wen and chung [38] also suggested that electrically conductive cement paste behaves as a thermistor, i.e. its electrical resistivity decreases with increasing temperature. Baeza et al. [42] produced electrically conductive cement paste by adding carbon fiber to cement paste in dosages of 0.22-0.95% Vol. and reported the lowest resistivity of 6.04 × 10 5 Ω-cm achieved with 0.95% Vol. carbon fiber dosage. Hambach et al. [41] used cement paste modified with 1% Vol. carbon fiber and electrical resistivity as low as 3.6 × 10 1 Ω-cm for resistive heating of a small laboratory-scale slab. Having fine aggregates (sand) included in the carbon fiber-modified cementitious composites, electrically conductive mortar were produced. However, electrical resistivity of 5.41 × 10 2 Ω-cm was achieved only when carbon fiber dosage was increased up to 1.16% Vol. [27, 39] . While mortar tests showed less success than cement paste, it was found that carbon fiber-modified concrete which essentially consists of cementitious materials, fine aggregate, coarse aggregate, water, carbon fiber, and admixtures, provides a promising perspective to attain low electrical resistivity with relatively low dosages of ECA [22, [33] [34] [35] 40] . Wu et al. [33] and Chang et al. [35] reported 4.00 × 10 3 Ω-cm and 2.00 × 10 4 Ω-cm resistivities in ECON with 0.8%Vol. and 0.75%Vol. carbon fiber dosages respectively. While, using 0.73% Vol. carbon fiber content in ECON, Hou et al. [34] achieved 3.8 × 10 1 Ω-cm resistivity. Also, Kraus and Naik [40] produced ECON with 1.27 × 10 2 Ω-cm resistivity using only 0.5%Vol. carbon fiber content. These observations lead to the conclusion that carbon fiber dosage is not the only important factor in electrical conductivity/resistivity of ECON, such that the mixing proportions and mixture components −such as cementitious system, aggregates, and admixtures-also play an important role in defining the electrical characteristics of ECON. For example, Kraus and Naik [40] used high-carbon fly ash to boost the electricity conduction in the concrete matrix and chang et al. [35] improved fiber dispersion and electrical conductivity by adjusting the mixing proportions of carbon fiber-containing concrete making it similar to self-consolidating concrete. Hou at al. [34] utilized silica fume to enhance the fiber dispersion and enable the use of longer fibers which are more effective in rendering the concrete matrix electrically conductive. Therefore, investigating different mixing proportions and mixture components gain even more importance in production of carbon fiber-modified ECON than in regular/plain concrete. In the United States, two field implementations of ECON HPS have been previously reported: the Roca Spur Bridge deck project in Nebraska [44] , and bridge 17-75R on the Castle Peak Undercrossing in California [43] . The former used ECON containing 1.5% (Vol.) steel fiber and 25% (Vol.) graphite, while the latter used polymer concrete as a blend of polyester resin, mineral aggregates, and coke breeze. Numerous studies have tested ECON HPS with various ECON recipes at laboratory scale. Heymsfield et al. [45] tested a 1.2 × 3 m HPS using ECON containing 17.2% (Vol.) graphite powder and 2.7% (Vol.) steel fiber ECAs. Piskunov et al. [46] investigated application of different electrically conductive materials in electrically conductive concrete overlay for deicing of roads and airfield pavements; they used 70 mm cubic specimens. Hou et al. [34] used carbon fiber-reinforced ECON including silica fume for laboratory-scale deicing tests. Chang et al. [16] applied a new approach by mixing carbon fiber ECA in a self-consolidating concrete mixture. Galao et al. [22] used carbon fiber-reinforced conductive concrete for deicing on 30 × 30 × 2 cm specimens. Won et al. [19] made an ECON HPS laboratory-scale prototype by incorporating graphite, coke powder, metal fiber, aluminum powder, and steel fiber in concrete mix. Deicing tests were conducted by Sun et al. [17] on a 200 × 50 × 5 cm light-weight ECON HPS specimen made with carbon fiber-carbon black ECA. Chen and Gao [18] proposed double-layered stainless steel fiber reinforcement of concrete for making self-heating ECON; they tested the performance on 30 × 30 × 6 cm specimens. Wu et al. [33] proposed a three-phase composite conductive concrete with the carbon and steel fibers, as well as graphite for pavement deicing.
Implementation of ECON HPS requires project-and location-specific guidelines to address material selection, mixing proportions, mixing procedure, and various other challenges. A mix design provided for an airport ECON HPS in the United States should meet specifications enforced by the Federal Aviation Administration (FAA). Among the ECON recipes provided in the literature, only a few have undergone large-scale field tests, and most of the aforementioned mix designs cannot be applied to airport rigid pavements. For example, the FAA prohibits using steel fiber and silica fume due to risks of foreign object debris damage to aircraft [47] . High dosage of ECA materials (as in above-mentioned references) can cause strength reduction, loss of workability, and cost problems. Since, to the best of authors' knowledge, field implementation of ECON in an airport and field implementation of carbon fiber-reinforced ECON are unprecedented, such problems have so far not been addressed.
The objective of this research was to design and produce ECON for implementation of an ECON HPS test section at the Des Moines International Airport (DSM) and test the adequacy of the mix design provided for this purpose. The fabricated section included two adjacent slabs located in a general aviation apron area. Numerous different ECON mixtures were made and tested in the laboratory to seek a suitable ECON mix design. Finally, based on evaluation of the laboratory-prepared mixes, an ECON mix design was provided for use in the ECON slabs. The properties of the ECON (both in the laboratory and in the field), and the slab performances were monitored and evaluated under winter conditions.
Materials and methodology
This research was motivated by the project supported by Federal Aviation Administration > (FAA) for implementation of an ECON HPS test section in Des Moines International Airport (DSM). The selected location was a general aviation apron, where, two pavement slabs were dedicated to testing ECON HPS. The results of previous studies by the authors [3, 21, 30, 48] showed that maintaining an acceptable balance between electrical conductivity and workability of an ECON mixture is a challenging task, particularly when the mixture is meant to be produced in large scale. Therefore, a total of 36 Electrically Conductive Concrete (ECON) mix designs were designed, prepared in the laboratory, and evaluated with respect to workability, consistency, strength, electrical resistivity, and conformance to FAA specifications. The standard specifications used for evaluating the materials were FAA AC 5370-10G [47] , FAA AC 5370-17 [49] , and the relevant standards mentioned therein. The laboratory-prepared ECON mixes were used to find a combination of carbon fiber dosage, aggregate system, and cementitious system that provides required workability and electrical conductivity to tailor the ECON mix design to the project requirements. The electrically conductive additive (ECA) used for ECON preparation was carbon fiber. Selection of carbon fiber as an ECA and specific sizes and types of carbon fiber were based on the findings of the existing literature (given in introduction) and the previous studies by the authors [3, 21, 30, 48, 50, 51] .
Materials
• Coarse aggregate (CA)-ASTM C 33 D-67, nominal maximum size 19 mm.
• Intermediate aggregate (IA)-ASTM C 33 #8-gradation, nominal maximum size 9.5 mm.
• Fine aggregate (FA) conforming to ASTM C 33.
• ASTM C150 type I/II Portland cement (PC).
• ASTM C 618 class F fly ash (FF).
• ASTM C989 Grade 120 slag cement (SC). Table 1 provides the chemical compositions of PC, FF, and SC used in this research.
• ASTM C 494 high-range water reducing − type F-admixture (HRWR). MasterGlenium 7500 obtained from BASF.
• Methylcellulose powder as fiber-dispersive agent (FDA). Methylcellulose was used as explained in [30] .
• WR Grace & Co. Derex Corrosion Inhibitor (DCI) admixture as conductivity-enhancing agent (CEA). The CEA was utilized according to Sassani et al. [30] .
• Air entraining agent (AEA), conforming to ASTM C 260. MasterAir VR-10 by BASF.
• Chopped carbon fiber (CF) was PAN-based with 7.2 μm diameter, 95% carbon content, and electrical resistivity of 1.55 10
Two different length size classes of the same type carbon fiber were used, PX35-0.125 and PX35-0.25, with nominal lengths of 3 mm and 6 mm, respectively. Specific gravity and water absorption capacity of the carbon fibers were 1.81 and 7.35 (% wt.), respectively. These carbon fibers were selected based on the aforementioned suggestions made by existing literature and the results of previous studies by the authors [3, 21, 30, 48] .
Laboratory-prepared ECON Mix Designs
The optimum dosage of the carbon fiber used in this research for ECON HPS was 0.75-1% (Vol.) [3, 30] . The coarse-to-fine aggregate and aggregate-to-cementitious ratios, cementitious materials, aggregate gradation, water-to-cementitious ratio (W/C), and fiber dispersive admixtures all influence the electrical conductivity of concrete and also significantly affect the fresh and hardened properties of the carbon fiber-reinforced concrete mixture, so particular combinations of these factors provide ECON mixtures with different electrical conductivity, workability, and strength. Twelve mix design groups were established using different combinations of aggregate system, carbon fiber dosage, HRWR dosage, and W/C. Table 2 provides the gradations of the aggregate system for each mix design group. A total of nine different aggregate systems (combined FA, CA, and IA) were used in the 12 mix design groups; the aggregate systems of mix design groups 2 and 3 were similar; as were those for groups 4, 5, and 12; the gradation curves of aggregate systems are presented in Fig. 1 .
Each mix design group was repeated three times, with three different cementitious systems: (C) 100% PC; (F) 80% PC-20% FF (wt.); and (S) 75% PC-25% SC (wt.), to make a total of 36 ECON mixtures. Table 3 gives the mixing proportions of all laboratoryprepared ECON mixes with each mixture defined by a number and a letter that respectively refer to mix design group and cementitious system. FDA dosage in all mixtures was 0.2% (wt. cementitious) and CEA was used in a fixed amount in all mixtures. The HRWR dosage (% wt. cementitious) varied by mix design group and the AEA dosage was 262 ml per 100 kg of cementitious. In this research, the carbon fiber fraction of the ECON mixtures consisted of 70% 6mm-long (aspect ratio ≈ 860) and 30% 3mm-long (aspect ratio ≈ 430) carbon fibers. Replacing 30% of the total carbon fiber content with shorter fibers helps in improving the ECON workability, while electrical conductivity is not significantly compromised.
Mixing procedure of ECON in laboratory:
The aforementioned mix designs were used for preparing samples in a 0.08 m 3 drum mixer using the following mixing procedure:
1) Carbon fibers were dried in an oven for 24 hours at 115°C.
2) Dried carbon fibers were manually mixed with methyl cellulose powder.
3) The inside of the concrete mixer was sprayed with water and then drained. 4) CA, IA, and carbon fibers were placed in the drum mixer and mixed for 1 minute. 5) ½ of mix water with AEA were added to the mixture and mixed until it foamed. 6) FA was added to the mixture and mixed for 3 minutes. 7) Cementitious materials were gradually fed into the mixer while it was running. When the entire cementitious had been added, the mixer was stopped. 8) CEA was added to the mixer. The mixer was then started and mixing occurred for 1 minute, after which the mixer was stopped. 9) The rest of the mix water with HRWR were added to the mixture, the mixer was turned on, and the whole mixture was mixed for 10 minutes.
Three batches were prepared for each mix design. From each batch three 100 × 200 mm cylinders, three 75 × 75 × 300 mm beams, and three 100 × 100 × 100 mm cubic specimens with embedded copper mesh electrodes, as described in [30] , were prepared for compressive strength, flexural strength, and electrical resistivity measurements, respectively. The specimens were consolidated by rodding and then vibration on a vibrating table according to ASTM C 192 standard practice. All specimens were cured in the moist room at 23°C temperature during the entire study and tested under saturated-surface-dry conditions. Compressive and flexural strength tests, fresh concrete air content measurement, and slump test were performed in conformance with ASTM C39, ASTM C78, ASTM C231, and ASTM C143 respectively. Electrical resistivity was measured at 1KHz AC using two-probe method and embedded copper mesh electrodes, as described in [30] . Electrical resistivity was measured at three ages (3, 28, and 90 days), while, compressive strength, and flexural strength were measured at 28 days. A slump test is not a good indicator of the workability and consistency of a fiber-reinforced concrete, because a mixture can show low slump while still possessing sufficient workability and consistency, or vice versa. However, in this research, slump measurement was one of the requirements enforced by the project contractor. Since carbon fibers introduce excessive surface area into the mixture, a higher amount of paste is required to coat all fibers and aggregates, so if the paste:aggregate:fiber ratio is not appropriate, there would be insufficient cementitious paste to coat all particles and the mixture would present poor consistency. For example, some mixtures in this study crumbled during slump testing, therefore producing no measurable slump value, so two primary criteria were set upon the mixes in terms of slump measurement: 1) sufficient consistency for measurable slump (i.e. the sample does not crumble upon lifting the slump cone); 2) slump value ≥38 mm.
Mixing and Pouring the ECON in Des Moines International Airport Test Section
Mix design 12C was selected as the final design for ECON HPS implementation at the airport. The test slabs, located in the general aviation apron area, consisted of a 10 cm-thick layer of regular concrete at the bottom and a 9cm-thick ECON layer on top. The structural and system designs were as given in [50, 51] . Fig. 2 shows a schematic of the two slabs and the sensor locations. The regular concrete layer was placed one month prior to the placement of the ECON layer, and surface of the regular concrete was roughened by broom during placement to enable a good bond between the bottom hardened concrete and the later-placed ECON layer. While two adjacent slabs were made with ECON, in this study the data from only one slab (slab 1) was used for performance evaluation. Custommade Arduino temperature sensors were placed in both regular concrete and ECON layers to monitor temperature variations during snow-melting tests.
For the two slabs, 5 m 3 of ECON was produced by Iowa State Ready Mix (ISRM) in a drum mixer using a wet-batch process and transported to the job site by a 10m 3 -capacity truck mixer. Carbon fibers in the required amount were dried in an oven at 115°C for 24 hours and sealed in water-soluble 0.5 Kg bags. Methylcellulose powder was also poured into each bag in conformance with the mix design (about 30 g for each bag). Fibers were packed in water-soluble bags to prevent material loss during transportation and handling, and to expedite the process of feeding fibers into the mixer. The ECON mixing and placing procedure followed in the concrete plant and at the job site was as follows:
1) Five hours prior to concrete placement, the regular concrete layer and electrodes were cleaned by air pump and washed by water to remove dust and debris, because presence of dust and dirt on the electrodes can weaken the electrode-concrete bond. Then water was poured on the bottom layer to nearly saturate it and thereby prevent absorption of the fresh ECON's water by the bottom layer. 2) At the concrete plant, the drum mixer was washed clean and drained before batching the ECON. 3) Coarse and fine aggregate and AEA with a portion of the mix water were fed into the drum mixer and mixed for 30 seconds; about 10% of the mix water was saved to be added on the job site. Because of the high cement content, a 20 minute distance between the concrete plant and the job site, along with relatively undesirable weather conditions (sunny with about 28°C temperature), there were concerns that flash setting and loss of workability could occur, so this practice was chosen to improve mixture workability at the job site. 4) The mixer was then stopped and the carbon fiber bags, ECA, and HRWR were manually fed into the mixer. 5) Cement was fed into the mixer and the whole mixture was mixed for 3 minutes and loaded into the truck mixer, with mixing continued during transportation. 6) The remaining mix water was added on the job site and mixed for 1 minute. 7) The concrete was poured in the slabs, spread manually, consolidated by a vibrating screed, and finished, as shown in Fig. 3 . 8) When the ECON layer was sufficiently consolidated and finished, curing agent was sprayed on the slab surface. 
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Investigation of the properties and performance of ECON in Des Moines International Airport
As previously explained, a sufficient number of cube, cylinder, and beam samples were taken from the ECON mix at the job site, and the slump and air content were also measured. Thirty 100 × 200 mm cylinders, six 100 × 100 × 356 mm beams, six 76 × 76 × 305 mm beams, six 100-mm cubes with embedded copper mesh electrodes, and six 100 × 100 × 356 mm beams with embedded copper mesh electrodes were taken from the concrete in the field. The field sampling was performed in accordance with ASTM C31/31M-15a standard and relevant standards were followed for each specific test. The specimens were used for measurements of compressive strength, flexural strength, and electrical resistivity, and microscopic investigations. The properties of the ECON made in the concrete plant were compared with the properties of the equivalent ECON mixture (12C) prepared in the laboratory. ECON specimens of both field concrete and laboratory-prepared mixture 12C that were continuously cured for one year were used to prepare required test specimens for microscopic investigations. The air content of hardened ECON specimens were determined based on the linear traverse method according to ASTM C 457 Standard; this was accomplished by using an optic microscope with coupled image analysis system (RapidAir test set-up). Microstructure of the ECON samples were analyzed by scanning electron microscope (SEM) on multiple specimens. Also, the carbon fiber content in the laboratory-prepared and field ECON samples were measured and compared. For this purpose, sections with nominal dimensions of 100 × 100 × 10 mm were cut from beam specimens with precision saw, then, dried in the oven for 24 hours at 110°C, weighed, measured for actual dimensions, broken into smaller pieces (for ease of dissolving) and dissolved in Hydrochloric acid. Once each specimen was fully dissolved, the remaining material was washed with deionized water and acetone on a 5-μm sieve, dried in oven for 24 hours at 110°C and weighed. The carbon fiber content as a weight and volume percentage was calculated for each specimen. This test was performed on 18 rectangular specimens for each of laboratory-prepared and field ECON samples. The rectangles were taken from three different beams for each concrete type.
The ECON slabs were not operated for 32 days. At the age of 32 days, the slab instrumented for data acquisition (Fig. 2 ) was powered by a 210 V AC voltage to test the heat generation capability of the ECON. The temperature data and the total current flowing 
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through the slab were recorded. In addition, for evaluation of operation safety, the measurable electric current on the slab surface was measured by installing current probes on the surface. The current probes were attached to the surface by conductive gel to ensure that sufficient electrical contact is attained. The first snow event occurred when the slab was 43 days old, and it was followed by snow precipitations at 89,103,119, and 136-day ages. The slab performance in snow events was evaluated at two operational modes: anti-icing, and deicing. At the 43-day age, the system was turned on prior to the snow event and remained running until precipitation ended (anti-icing test). In deicing operation tests, the system was turned on after precipitation ended to melt the snow accumulated on the surface. Performance was evaluated in terms of average ambient temperature, wind speed, snow thickness, operation time, average power density, and energy required to fully melt the snow and dry the surface. The heat generation on slab surfaces was also monitored by thermal imaging system. The energy calculation methods, and specific heat capacity were derived from previous works by the authors [50, 51] .
RESULTS AND DISCUSSION
Properties of Laboratory-prepared ECON Mixtures
The test results of electrical resistivity at three ages (3, 28 , and 90 days), compressive strength, flexural strength, and slump for the laboratory-prepared ECON mixtures are provided in Table 4 , where it can be seen that some mixtures had no measureable slump; this refers to the mixtures that crumbled immediately after lifting the slump cone. This can be attributed to cementitious paste inadequacy with respect to coating and binding all aggregates and fibers together, and such mixtures lacked sufficient consistency. Also, since they also did not possess flowability and passing ability like that observed in self-consolidating concrete, such mix designs were ruled out as candidate mix designs for ECON HPS. The air content of all samples fell within the required values (i.e. 5.5-6.5%). Since all mixes satisfied compressive and flexural strength requirements, electrical resistivity and workability were the decisive factors.
In all mix design groups except for groups 8 and 9, replacing a portion of PC with FF and SC increased electrical resistivity at all ages. Mixtures 8C and 8F exhibited similar average electrical resistivity values at 3 days of age, but at later ages mixture 8F showed higher resistivity than 8C. Mixture 9F showed lower electrical resistivity than 9C at three days of age, but this effect was reversed at later ages. On the other hand, FF and SC replacement did not help improve workability. In mix groups 6 and 11, PC replacement with FF slightly increased the slump, while in the other cases it either reduced the slump or did not affect it. PC replacement with SC showed a negative effect on slump and workability with the exception of mix group 1, where the same slump was obtained for mixtures 1C and 1S. As seen in the table, mix 12C provided a desirable combination of electrical resistivity, strength, and slump value, so it was selected for application in the ECON HPS test section.
Comparison of Laboratory-Prepared Samples with Field-taken Samples
Fig . 4 shows the electrical resistivity values (and standard deviations) of the same mix design measured both on laboratoryprepared and field-taken specimens. The average 28-day compressive and flexural strengths of the field samples, 37 MPa and 7.7 MPa, were comparable to the results obtained from laboratory-prepared samples. Air content measured for fresh ECON in the field was 5.5% and the slump measured on the job site was 76 mm, two times greater than that of lab samples (38 mm, Table 4 ). While the laboratory-prepared samples showed slower growth in electrical resistivity with age, for both sample types, the electrical resistivity growth rate was reduced at later ages and changed at a significantly slower pace after 28 days.
As seen in the figure and table, there was a significant difference between the two batches with respect to electrical resistivity and slump, with the field samples exhibiting significantly higher electrical resistivity, almost eight times higher than the lab samples at 90-day age. This difference can be primarily attributed to a loss of carbon fibers at the concrete plant during mixing. As seen in Table 5 , the actual fiber dosage was lower in the field than it was designed to be. The big standard deviation values seen in Table 5 are due to the nature of the specimens that were thin cuts of concrete which is essentially non-homogeneous in terms of aggregate distribution and fiber dispersion. Because of the presence of an opening at the top of the mixer, a portion of mix carbon fiber was carried out of the drum mixer by air flow during mixing. Furthermore, the mixture was mixed in the truck mixer for a longer time than planned, and longer mixing results in fiber degradation due to excessive wearing of fibers by aggregates [33] . In the laboratoryprepared samples, because of the higher carbon fiber content and presence of a better conductive network, the effect of carbon fibers dominated the effect of void structure and hydration age and resulted in slower growth in electrical resistivity with age [30] .
The role of pore content and pore structure should also be taken into account when comparing the field-taken and laboratoryprepared ECON samples with respect to electrical conductivity. Table 6 shows the pore structure characteristics of the two type of ECON samples. As seen in the table, the field-taken samples showed higher air content, smaller air void spacing factor, and smaller paste-to-void ratio. For both laboratory-prepared and field-taken samples, the air contents measured using hardened specimens (ASTM C 457) was higher than air content measured using fresh concrete (ASTM C 231). According to the literature, this type of discrepancy between the two methods in not uncommon [52] ; Ram et al. [53] , by testing various pavement concrete samples in-situ and in the laboratory, concluded that the pressure method tends to underestimate the air content. Regarding that the main medium for electricity conduction in ECON is the ECA network, the electrical conductivity decreases with the increase of air void content [54] . Furthermore, the smaller spacing factor and greater void frequency in field-taken ECON results in more frequent blocking of the conduction path which dwarfs the conductive function of the carbon fiber-cement composite matrix. This is also in agreement with the smaller paste-to-void ratio of the field ECON. SEM investigation of various zones in ECON samples showed that the fibers, are primarily present within a carbon fiber-cement matrix composite. As seen in Fig. 5 , laboratory-prepared samples showed a better distribution of fibers, higher fiber concentration, and more frequent fiber-to-fiber contacts, while, in the field-taken samples the fibers were not as uniformly distributed and in many spots (such as Fig. 5(b) ) the fiber-matrix composite was segmented into fiber-abundant (right side of Fig. 5(b) ) and fiber-less (left side of Fig. 5(b) ) zones. In all fractured surfaces studied for both ECON sample types, the fiber network was observed only within the cementitious matrix and fiber tangling around the aggregates was not observed. Fig. 6 (a) shows an example of aggregate surface in field-taken samples, where, the surface of aggregate is free of tangled fiber network and only one isolated broken fiber is observed. The short isolated pieces of carbon fiber (Fig. 6(b) ) observed in the field-taken samples on the aggregate surfaces or in the vicinity of aggregates (Fig. 6(c) ) are likely the result of excessive fiber wear by aggregates. The comparative study showed that the discrepancy between the electrical resistivity of the laboratory-prepared and field-taken ECON is caused primarily by lower carbon fiber content and higher void fraction in the ECON which was prepared in large-scale. Fig. 7(a) shows the temperature profile in the ECON slab at three different locations ( Fig. 2(a) ) and three different depths ( Fig. 2(b) ) during the first performance test at 32 days of age. In the figure, each curves is designated with a code, where S1, S2, and S3 show the sensor number, ECON and PCC show the concrete layer where sensor is placed, and 1 cm, 3 cm, and 14 cm are the depth where sensor is located. Despite some fluctuations in the temperature profiles due to sensor performance, the sequence of temperature can be sorted from highest to lowest, based on the general trends of the temperature profiles, as follows: S2-ECON-3 cm > S2-ECON-1 cm > S1-ECON-3 cm > S1-ECON-1 cm > S1-PCC-14 cm > S2-PCC-14 cm > S3-PCC-14 cm ≥ S3-ECON-3 cm > S3-ECON-1 cm.
Heating Performance of Slabs
The highest value of heat generation was achieved at the center of the slab, shown by the S2 sensor. At both S1 and S2 locations, the lower portion of the ECON layer (3cm-deep) showed the highest temperature followed by the top portion of the ECON layer (1cm-deep). The lowest temperatures were measured at the regular concrete (PCC) layer (14cm-deep). This trend is promising for ice and snow melting purposes, since it shows an absence of considerable heat flux from the ECON layer towards the underlying regular concrete. However, the lowest temperatures throughout the slab were measured at a location represented by sensor S3 that was adjacent to two regular concrete slabs. At the S3 spot, the temperature profile of the underlying PCC layer and the lower portion of the ECON layer were very similar, with the PCC being slightly higher. The top portion of the ECON at S3 spot (1cm-deep) gave the lowest temperature readings that can be attributed to the heat flux between the ECON and the adjacent regular concrete slabs at this spot. Fig. 7 (b) presents the current variation during the HPS operating time. The figure clearly shows that electric current increases over the time of HPS operation. Since the voltage is constant, this trend shows that the electrical resistivity of ECON is decreased by increasing temperature. This effect was more significant during the first 20 minutes of power application. After 20 minutes, the current increase rate slowed while the rising trend of current with time (temperature) was maintained until the end of the experiment. This is in agreement with the findings of previous studies, where electrical resistivity of a cementitious composite was found to decrease with temperature [16] . In this test, the overall resistance of the slab dropped by 57% during 421 minutes of operation. Fig. 8 (a) and (b), when compared with the temperature profiles in Fig. 7(a) , show that the temperature on the slab surfaces is considerably lower than the temperature inside the slabs. This happens because of the heat convection from the surface, and latent heat of fusion (a.k.a. enthalpy of fusion) of ice and water as they absorb excessive thermal energy upon phase change from solid to liquid and evaporation. However, as seen in Fig. 8(b) and (c), the ECON HPS slabs were able to effectively keep the pavement surface free of ice and snow in both anti-icing and deicing modes. Snow melting tests at different ages showed that the ECON slab was capable of increasing surface temperature to a level sufficient for snow removal at freezing temperatures. The results of the anti-icing and deicing tests are given in Table 7 . The power density at both operational modes conformed to the ASHRAE handbook limit of a maximum of 1.3 kW/m 2 [55] . While high current amount between 15 and 35 A was flowing through the slabs, the electric current on the surface of slabs while operating with 210 V AC was measured as 0.4 mA. The threshold of electric current to be perceptible by human body is 1 mA [56] , therefore the current amount on the surface of slabs, that is an order of magnitude lower than perception threshold, does not cause safety concerns.
Conclusions
The design and production process of an airport electrically conductive concrete (ECON) heated pavement system (HPS) implementation has been reported in this study. To the best of authors' knowledge, this was the first implementation of ECON HPS in a U.S. airport and probably the first in the world. ECON design was based on laboratory experiments using different ECON mix designs. The final product was compared with the laboratory samples and tested for its anti-icing and deicing performance. The key points of the study are as follows:
• Adequacy of cementitious paste content should be ensured in a carbon fiber-reinforced ECON mix design to ensure sufficient workability.
• Replacement of portland cement with fly ash and slag cement results in higher electrical resistivity, while, not providing workability advantages.
• A significant difference was observed with respect to electrical resistivity and slump between the laboratory-prepared and field samples, with the field samples showing electrical resistivity almost eight times higher than the lab samples at a 90-day age. This can be attributed to the lower carbon fiber content and higher void content of the ECON which was prepared in large-scale.
• Lower carbon fiber content in the field ECON was caused by loss of carbon fibers during mixing and fiber degradation due to excessive wear by aggregates.
• The highest temperature was achieved at the bottom of the ECON layer in the mid-span of the slab.
• The heat flux between the ECON layer and underlying PCC layer was inconsiderable.
• The heat convection on the slabs surface is a crucial factor with respect to effective temperature on slab surface.
• The lowest temperature was observed at the slab corners in contact with the adjacent regular concrete slabs.
• Electrical resistivity of the ECON layer was significantly decreased by temperature.
• The test section was able to generate a power density of 300-350 W/m
